Introduction
============

During cytokinesis of animal cells, an actomyosin-based contractile ring (CR) forms and drives the ingression of a cleavage furrow that bisects the cell at the midpoint of the microtubule-based spindle ([@bib26]; [@bib20]; [@bib4]; [@bib46]; [@bib28]). The CR is a dynamic, membrane-bound structure that requires continuous Rho-dependent signaling ([@bib7]) and contains many cytoskeletal proteins, including actin, myosin II, Anillin, septins, and their regulators. CR closure occurs via disassembly and proceeds until reaching a diameter of 1--2 µm ([@bib48]; [@bib9]). The CR then transforms itself into the midbody ring (MR), a long-lived, dense structure that forms around the center of the midbody as it matures from the antiparallel midzone microtubules that become compacted during CR closure ([@bib39]; [@bib34]). The MR is essential for cementing the efforts of the CR and for specifying where, and presumably when, abscission ultimately occurs ([@bib53]; [@bib28]).

Our previous work showed that the transition from the CR to the MR requires the scaffold protein Anillin ([@bib35]). Anillin-depleted CRs are unstable and oscillate back and forth across the equator ([@bib54]; [@bib58]; [@bib33]; [@bib44]; [@bib27]), but even CRs that do not oscillate fail to close completely and fail to form a stable MR ([@bib35]). Anillin can bind many other cytokinesis proteins, including F-actin ([@bib22]), myosin ([@bib54]), septins ([@bib43]; [@bib23]; [@bib36]), and RacGAP50c ([@bib12]; [@bib29]), among others ([@bib32]; [@bib10]; [@bib45]). It remains unclear how Anillin acts to dampen the inherent instabilities of cleavage furrows ([@bib16]; [@bib49]), and how it subsequently guides MR formation after CR closure.

Here, we show that the CR gives rise to the MR via a previously uncharacterized maturation process involving opposing mechanisms acting on Anillin: the septin Peanut (Pnut) acts with the C terminus of Anillin to locally remove membrane, whereas the Citron kinase (Cit-K) Sticky acts to retain the N terminus of Anillin at ring structures. Furthermore, Pnut and Sticky redundantly stabilize the earlier CR. The data lead to the proposal that septin-dependent removal of membrane-associated Anillin during disassembly of the actomyosin ring contributes to CR stability and closure, whereas Sticky-dependent retention of Anillin also contributes to CR stability and limits the removal of Anillin from the mature MR.

Results
=======

Maturation of the MR is accompanied by removal and retention of Anillin
-----------------------------------------------------------------------

To better define the process of MR formation and maturation, we have monitored the localization of Anillin-GFP ([@bib33]) using time-lapse spinning-disc confocal microscopy. Anillin-GFP localized to the CR and MR throughout cytokinesis and to the MR remnant that remained associated with one of the sister cells after abscission ([Fig. 1 A](#fig1){ref-type="fig"}). Induced expression of Anillin-GFP under the control of the metallothionein promoter resulted in a fourfold overexpression of Anillin ([Fig. S1, A--C](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp1}). This fully rescued for loss of endogenous Anillin ([@bib33]) and had no consequence on the duration of furrowing or the timing of abscission when compared with other markers, such as GFP-tubulin or the myosin regulatory light chain (MRLC) Spaghetti squash--GFP (myosin-GFP; unpublished data). However, during formation of the MR, we observed a gradual thinning of the MR structure that was unexpectedly accompanied by extrusion and internalization of Anillin-GFP ([Fig. 1, A--C](#fig1){ref-type="fig"}). Extrusion originated from blebs or tubules that formed either at late stages of furrowing ([Fig. 1 B](#fig1){ref-type="fig"} and [Video 1](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp2}) or at the nascent MR soon after furrowing ([Fig. 1 C](#fig1){ref-type="fig"}). The extruded material persisted for several minutes and in some cases was clearly shed completely from the cell ([Fig. 1, B and C](#fig1){ref-type="fig"}, arrowheads). During internalization, Anillin-containing structures budded from the cytokinetic apparatus and were internalized into the cytoplasm as punctate vesicular structures ([Fig. 1 E](#fig1){ref-type="fig"} and [Video 2](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp3}). At the nascent MR, Anillin-FP sometimes labeled plasma membrane folds that had been gathered up during CR closure (Fig. S1 E). Such plasma membrane folds were also evident by EM (Fig. S1 F). Mature MRs, however, were more uniform in shape, had more closely opposed plasma membranes, and exhibited a double ring ultrastructure with a more electron-dense outer layer and a less dense inner layer (Fig. S1 F), similar to that described for intercellular canals in *Drosophila melanogaster* embryos ([@bib31]). The extruded structures labeled with a plasma membrane marker, myristoylated palmitoylated--GFP (myrpalm-GFP; Fig. S1), although this revealed many additional plasma membrane protrusions associated with the nascent MR that did not contain Anillin--fluorescent protein (FP; Fig. S1 G). These membrane protrusions accumulated during furrowing but then gradually dissipated during MR maturation, indicating that excess plasma membrane is gathered by the CR and then removed from the nascent MR (Fig. S1 H).

![**Maturation of the MR is accompanied by both removal and retention of Anillin.** (A) Time-lapse sequence of a cell expressing Anillin-GFP and mCh-tubulin (40× objective). Arrowheads mark the mature MR before and after abscission MR release. (B--D) Time-lapse sequence of cells expressing Anillin-GFP and mCh-tubulin (not depicted) acquired with 40× objective, showing extrusion and shedding (B and C) and internalization (D). Boxed regions in B and D are shown magnified at the bottom; dashed lines in C mark the cell boundary; arrowheads mark shed material. (E) Relative Anillin-GFP fluorescence (sum intensity) at nascent MRs measured from the end of furrowing (means ± SD; *n* = 20). (F) FRAP experiments of nascent and mature MRs, showing images acquired immediately before (prebleach), after (bleach), and 4 min after high-intensity illumination of the outlined region of interest (63× objective and 2 × 2 camera binning). (G) The percent recovery of GFP fluorescence within 4 min of bleaching is shown for MRs of different ages (*n* = 9--17 each, means ± SD). P-value is for an unpaired *t* test. Times are hours, minutes, and seconds from the end of furrowing. Bars, 5 µm. See also [Videos 1](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp4} and [2](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp5}.](JCB_201305053_Fig1){#fig1}

Extrusion/shedding and internalization of Anillin occurred during the ∼1-h period that followed CR closure and coincided with a progressive decline in total Anillin-FP intensity measured at the nascent MR (*n* = 20; [Fig. 1 E](#fig1){ref-type="fig"}). Beyond this time, the appearance and intensity of MRs remained constant until after abscission. We examined the dynamic nature of Anillin-GFP at different stages of MR biogenesis using FRAP. When the entire MR region was bleached within 15 min of CR closure ([Fig. 1 F](#fig1){ref-type="fig"}, top), 30 ± 13% of Anillin-GFP fluorescence recovered within 4 min (*n* = 16; [Fig. 1 G](#fig1){ref-type="fig"}). However, when bleached \>45 min after CR closure ([Fig. 1 F](#fig1){ref-type="fig"}, bottom), only 10 ± 6% recovery was observed within 4 min (*n* = 9; [Fig. 1 G](#fig1){ref-type="fig"}), indicating that the potential to restore Anillin to the MR declined as it matured. Photoconversion of an Anillin-Dendra2-FP revealed that the recovery occurred preferentially at the flanking regions, whereas less exchange occurred at the central region of the MR (Fig. S1 H). We conclude that nascent MRs mature over the course of ∼1 h into stable MRs, during which they progressively extrude, shed, and internalize Anillin.

Nascent MRs shed numerous cytokinesis proteins but not F-actin
--------------------------------------------------------------

We wished to determine whether other cytokinesis proteins were also shed with Anillin during MR maturation. Immunofluorescence analysis revealed that the septin, Pnut ([Fig. 2 A](#fig2){ref-type="fig"}), and Rho1 ([Fig. 2 B](#fig2){ref-type="fig"}) were also enriched on the extruded membranes. Similarly, the Cit-K, Sticky-FP, was extruded with Anillin-FP ([Fig. 2 C](#fig2){ref-type="fig"}), as were the components of the centralspindlin complex, RacGAP50C/Tumbleweed (Tum)-FP ([Fig. 2 D](#fig2){ref-type="fig"}) and the kinesin-6 motor Pavarotti-FP ([Fig. 2 E](#fig2){ref-type="fig"}). Aurora B--GFP, which also localizes primarily to the central spindle and midbody microtubules ([Fig. 2 F](#fig2){ref-type="fig"}), was also extruded from the center of the midbody soon after CR closure.

![**Nascent MRs shed numerous CR components, except F-actin.** (A and B) Fixed cells expressing Anillin-GFP and tubulin-mCh stained for anti-Pnut (A) and anti-Rho1 (B) by immunofluorescence. Separated channels of boxed regions are shown magnified on the right. (C) Cell expressing Anillin-GFP and Sticky (Sti)-mCh. (D) Cell expressing Anillin-mCh and Tum-GFP. (E) Cell expressing Anillin-mCh and Pavarotti (Pav)-GFP. (F) Inverted look-up table of the nascent MR of an Aurora B--GFP-expressing cell. (G) The nascent MR of a myosin-GFP--expressing cell. Dashed lines mark the cell boundary. (H) The nascent MR of a cell expressing myosin-GFP (Myo) and Anillin-mCh (Ani). (I) The nascent MR of a cell expressing LifeAct-GFP (LA) and Anillin-mCh. (C, D, E, H, and I) Separated channels of boxed regions are shown magnified at the bottom. (J) The nascent MR of a cell expressing Anillin-GFP fixed and stained with rhodamine-phalloidin. Arrowhead points to an extrusion enriched in Anillin-GFP but lacking actin. Times are hours, minutes, and seconds. Bars: (A \[main image\] and B--J) 5 µm; (A, magnified images) 1 µm. See also [Video 3](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp6}.](JCB_201305053_Fig2){#fig2}

Cells expressing myosin-GFP showed no evidence of extrusion, shedding, or internalization ([Fig. 2 G](#fig2){ref-type="fig"}), unless Anillin-mCherry (mCh) was also coexpressed, in which case some myosin-GFP colocalized with shed Anillin-mCh ([Fig. 2 H](#fig2){ref-type="fig"}). However, the F-actin probe LifeAct-GFP ([@bib47]), although enriched at the late CR, did not colocalize with extruded Anillin-FP ([Fig. 2 I](#fig2){ref-type="fig"}). Phalloidin staining of fixed cells also revealed that the extruded Anillin-positive membranes were labeled poorly for F-actin ([Fig. 2 J](#fig2){ref-type="fig"}). Thus, although numerous key components of the cytokinesis machinery were removed via extrusion and shedding, actin was specifically not. We next designed experiments to further understand the mechanisms of Anillin removal from the late CR/nascent MR.

Shedding from the nascent MR requires Anillin but not ESCRT-III or the proteasome
---------------------------------------------------------------------------------

Aurora B--GFP and Tum-GFP showed evidence of shedding even when Anillin was not overexpressed ([Fig. 3, A and C](#fig3){ref-type="fig"}). We therefore used these markers to test whether Anillin was itself required for shedding. In Anillin-depleted cells, Aurora B--GFP was no longer extruded compared with controls but still disappeared from the cleavage site over a similar time course to controls (*n* \> 20; [Fig. 3, A and B](#fig3){ref-type="fig"}). Similarly, no evidence of Tum-GFP extrusion was observed from Anillin-depleted late CRs/nascent MRs (*n* \> 20; [Fig. 3, C and D](#fig3){ref-type="fig"}). Thus, Anillin is required for extrusion, although we note that this may reflect a direct requirement for Anillin in the extrusion process, an indirect consequence of the requirement for Anillin in complete CR closure ([@bib35]), or both.

![**Shedding from the nascent MR requires Anillin but not ESCRT-III.** (A and B) Time-lapse sequence of cells expressing Aurora B--GFP and mCh-tubulin after a 3-d incubation without (A) or with (B) Anillin dsRNAs, acquired with a 100×, 1.4 NA objective. Arrowheads in A mark shedding events. (C and D) Time-lapse sequence of cells expressing Tum-GFP and mCh-tubulin after a 3-d incubation without (C) or with (D) Anillin dsRNAs. Arrowheads in C mark shedding events. (E and F) Selected frames from a time-lapse sequence of Anillin-GFP cells after a 4-d incubation without (E) or with (F) *shrub* dsRNAs, acquired with a 40× objective. Dotted circles highlight sister cells; yellow arrowheads mark mature MRs/MR remnants from previous divisions; and white arrowheads mark MRs from the current division. (G) Quantification of Anillin-GFP--expressing cells that have failed to undergo abscission and thus remain paired at metaphase in control and Shrub-depleted cells. Data are from two independent experiments. (H) Selected frames from a time-lapse sequence of Anillin-GFP cells, acquired with a 100× objective, after a 4-d incubation with *shrub* dsRNAs. Boxed regions are shown magnified and with separated channels on the right; yellow arrowheads mark mature MRs from previous divisions; and white arrowheads mark nascent MRs from the current division that are shedding Anillin-GFP. Times are given in hours, minutes, and seconds. Bars, 5 µm. See also [Video 4](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp7}.](JCB_201305053_Fig3){#fig3}

The membrane topology during extrusion/shedding is the same as the abscission event that occurs later. We therefore tested whether shedding, like abscission, requires ESCRT-III complexes. A 3--4-d depletion of Shrub, the *Drosophila* orthologue of CHMP4B, a key ESCRT-III component ([@bib21]; [@bib8]), delayed abscission well beyond the 3 h and 48 s ± 1 h and 57 s (mean ± SD; *n* = 12) observed for untreated controls, although cells never became binucleated. Shrub-depleted cells remained paired for so long that they could not be reliably followed from furrowing to abscission, as the cells, being poorly adherent, would often move out of the imaging field over time. However, we noted that 30% of Shrub-depleted cells initiated cytokinesis while still connected to their sister cells from the previous attempt (*n* = 110 pairs; [Fig. 3, E--G](#fig3){ref-type="fig"}), whereas control cells had always undergone abscission before reaching the next metaphase (*n* \> 55 pairs). Daisy chains of Shrub-depleted cells were sometimes observed, consistent with abscission failure in multiple rounds of division. Even in the most extreme cases, normal MR maturation was observed, including extrusion, shedding, and internalization of Anillin-GFP ([Fig. 3 H](#fig3){ref-type="fig"}, [Fig. S2 A](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp8}, and [Video 4](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp9}). Similar results were obtained upon depletion of dIST1 (unpublished data), another ESCRT-III component required for cytokinesis ([@bib2]). Thus, ESCRT-III is required for abscission, as expected, but not for MR maturation.

Human Anillin is subject to anaphase-promoting complex/cyclosome--mediated degradation ([@bib58]). We tested whether degradation of *Drosophila* Anillin might contribute to its decline during MR maturation, by treating cells expressing Anillin-GFP with the proteasome inhibitor MG132. When added early in mitosis, 5 µM MG132 induced widespread metaphase arrest, as expected. Cells that successfully underwent the metaphase/anaphase transition during the 5 min before or after MG132 addition, however, furrowed normally (Fig. S2 B). However, although untreated control cells typically exhibited a net loss of Anillin-GFP soon after the end of furrowing, MG132-treated furrows accumulated Anillin-GFP during the subsequent 15--20 min after closure (*n* = 14; Fig. S2 C), before exhibiting a profile of net loss that was similar to controls (*n* = 20; Fig. S2 D) and that ended with a mature MR that was indistinguishable from controls (Fig. S2 E). Extrusion and shedding of Anillin-GFP during MR maturation continued in MG132 (Fig. S2 E). We conclude that proteasomal degradation is not required for extrusion/shedding of Anillin and does not provide a major contribution to the loss of Anillin from the MR during its maturation. However, proteasomal degradation, directly or indirectly, appears to limit the extent or accelerate the rate of Anillin-GFP accumulation at the late CR/nascent MR.

A third population of cells displayed a highly aberrant exit from mitosis that was seen 5--40 min after MG132 addition. Slow and excessive spindle elongation, slow and broad furrows, and a failure of nuclear envelope reformation and/or nuclear import of Anillin-GFP characterized this (Fig. S2 F). We interpret these cells as having degraded only a subset of anaphase-promoting complex/cyclosome substrates, resulting in a partial arrest. Remarkably, most of these cells succeed to a midbody-like stage, although they were not followed until completion.

Collectively, these experiments show that cortical extrusion/shedding during the transition from CR to MR requires Anillin but does not depend on ESCRT-III or the proteasome. We next performed a structure--function analysis of Anillin to further define the requirements for its extrusion and shedding.

Removal of Anillin from the nascent MR is mediated via its C terminus, whereas retention at the mature MR is mediated via its N terminus
----------------------------------------------------------------------------------------------------------------------------------------

Anillin is a large multidomain protein ([Fig. 4 A](#fig4){ref-type="fig"}) that can bind to many other cytokinesis proteins ([@bib10]; [@bib45]). We analyzed truncation mutants lacking domains to determine which mediate its retention and removal at the nascent MR. Anillin-Δactin-binding and -bundling domain (ActBD)-GFP, which lacks the ActBD identified by [@bib22], was no longer recruited to the actin-rich cortex in mitosis, similar to the behavior of full-length Anillin-GFP in Latrunculin A--treated cells ([@bib33]). However, Anillin-ΔActBD-GFP was still recruited to the furrow, nascent MR, and mature MR and exhibited dramatic extrusion and shedding ([Fig. S3 A](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp10}). Anillin-Δmyosin-binding domain (MyoBD)-GFP, which lacks the region adjacent to the ActBD that is homologous to the *Xenopus laevis* myosin II--binding domain ([@bib54]), still localized to the cortex at metaphase, indicating a functional ActBD, and to the CR and nascent MR during cytokinesis (Fig. S3 B). It was also readily extruded and shed and localized to mature MRs, although these appeared smaller than MRs containing full-length Anillin-GFP. Anillin-ΔN, in which the entire N terminus was deleted, leaving only the Anillin homology domain (AHD) and Pleckstrin homology (PH) domain (PHD), was still extruded and shed. Constructs expressing only the AHD or PHD were poorly recruited and showed no evidence of shedding, and deletion of either domain blocked extrusion and shedding. Thus, the C-terminal AHD and PHD are each required and together sufficient for extrusion and shedding.

![**Removal of Anillin from the nascent MR is mediated via its C-terminal domains, whereas retention requires its N-terminal domains.** (A) Domain organization of Anillin and truncation mutant analyses for their localization to the nascent MR, their ability to be extruded and shed, and their retention at the mature MR. Myo, myosin; Act, actin; NTD, N-terminal domain; Sep, septin; C, C terminus; N, N terminus. (B) Time-lapse sequence of a cell coexpressing Anillin-ΔC-GFP and Anillin-ΔN+CD-mCh. Open arrowheads mark shed material, and closed arrowheads mark the mature MR. Separated channels and magnified images of the boxed regions are shown at the bottom. Times are given in hours, minutes, and seconds. Bars, 5 µm. See also [Video 5](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp11}.](JCB_201305053_Fig4){#fig4}

Conversely, a mutant comprising only the extreme N-terminal domain and the ActBD and MyoBD (Anillin-N) was still recruited to the MR (Fig. S3 C) and behaved similarly to the larger Anillin-ΔC ([@bib35]). The reciprocal mutants lacking these domains (Anillin-ΔN and Anillin-ΔN with the central domain \[CD; Anillin-ΔN+CD\]) failed to be retained at the mature MR despite localizing to the nascent MR and readily being extruded and shed ([Fig. 4 B](#fig4){ref-type="fig"}). Thus, the Anillin N terminus is both necessary and sufficient for retention at the mature MR.

Coexpressing N- and C-terminal truncations fused to different FPs in the same cells did not alter their respective behaviors and made their differences even more apparent. [Fig. 4 B](#fig4){ref-type="fig"} shows Anillin-ΔC-GFP incorporating into the MR without being extruded or internalized, whereas Anillin-ΔN+CD-mCh is completely shed from the nascent MR without incorporating into the mature MR ([Fig. 4 B](#fig4){ref-type="fig"} and [Video 5](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp12}). Collectively, our data indicate that distinct mechanisms of removal and retention act on the C and N termini of Anillin, respectively. We next aimed to better understand the removal mechanisms acting on the C terminus of Anillin.

Maturation of the MR requires septin-dependent removal of Anillin via its C-terminal PHD
----------------------------------------------------------------------------------------

The Anillin PHD is known to bind septins ([@bib22]; [@bib43]; [@bib36]) and phosphoinositides ([@bib36]), and septins are required for the recruitment of Anillin-ΔN to the cleavage furrow ([@bib35]). We further evaluated the requirement for the PHD and septins in Anillin removal during MR maturation. Anillin-ΔPH-FP localized efficiently to the CR and MR but showed little, if any, evidence of extrusion or internalization from the nascent MR, whether or not endogenous Anillin was depleted ([Fig. 5, A and C](#fig5){ref-type="fig"}). Anillin-ΔPH-GFP MRs also appeared larger than controls of the same age ([Fig. 5 E](#fig5){ref-type="fig"}). Measuring MR volumes over time revealed that Anillin-ΔPH-GFP MRs did not thin to the same extent as Anillin-GFP controls ([Fig. 5 F](#fig5){ref-type="fig"}). This effect was dominant, suggesting that the PHD is autonomously required for Anillin removal. A 7--8-d incubation with double-stranded RNAs (dsRNAs) targeting the septin Pnut ([@bib42]), which results in \>94% depletion in S2 cells ([Fig. 5 B](#fig5){ref-type="fig"}), also blocked extrusion/ shedding of Anillin-GFP ([Fig. 5 A](#fig5){ref-type="fig"}) and inhibited the thinning of the MR during its maturation ([Fig. 5, D--F](#fig5){ref-type="fig"}). Thus, the PHD of Anillin and Pnut are each required for cortical removal during MR maturation.

![**Proper maturation of the MR requires septin-dependent removal of Anillin via its C-terminal PHD.** (A) Frequency of extrusion from time-lapse sequences of Anillin-ΔPH-GFP and of Anillin-GFP after 8-d Pnut RNAi. (B) Anti-Pnut immunoblot of S2 cell lysates serially diluted after LacI control dsRNA incubation or after Pnut dsRNA incubation; anti-tubulin is the loading control. (C) Time-lapse sequences of cells expressing Anillin-ΔPH-GFP depleted of endogenous Anillin. (D) Time-lapse sequence of an Anillin-GFP--expressing cell after 8-d Pnut RNAi. (E) Representative images of age-matched MR structures from Anillin-GFP or Anillin-ΔPH-GFP cells treated with the indicated dsRNAs. (F) Volume measurements of the nascent MR of cells expressing Anillin-ΔPH-GFP, Anillin-ΔC-GFP, or Anillin-GFP treated with the indicated dsRNAs, from the end of furrowing, normalized at each time point to equivalently aged Anillin-GFP controls (*n* = 10 per condition from two independent experiments). (G) Timing of abscission (abscis.) or furrow regression (fail) of Anillin-GFP cells treated for 7--9 d with LacI (control, *n* = 30) or Pnut dsRNAs (*n* = 75) and of Anillin-ΔPH-GFP cells treated for 3 d with LacI (control, *n* = 30) or Anillin dsRNAs (*n* = 75). Mean values are shown; data are from a single representative experiment out of three repeats. Times are given in hours, minutes, and seconds. Bars: (C and D) 5 µm; (E) 1 µm.](JCB_201305053_Fig5){#fig5}

In the 30% (Anillin-ΔPH-GFP + Anillin dsRNA, *n* = 75) and 34% (Anillin-GFP + Pnut dsRNA) of attempts at cytokinesis that failed, deletion of the PHD or depletion of Pnut produced similar phenotypes: at 1 h and 10 min ± 12 min (mean ± SD; *n* = 50) and 1 h and 23 min ± 33 min (mean ± SD; *n* = 50) after anaphase onset, respectively, the plasma membrane regressed, leaving internal MR-like structures ([Fig. 5 G](#fig5){ref-type="fig"}; [@bib35]). However, in the cells that succeeded, Anillin-ΔPH-FP delayed abscission, which occurred 10 h and 42 min ± 6 h and 7 min (mean ± SD; *n* = 50) after furrowing, whereas Pnut depletion led to premature abscission that occurred 2 h and 19 min ± 0 h and 42 min (mean ± SD; *n* = 50) after furrowing compared with 4 h and 54 min ± 1 h and 36 min (mean ± SD; *n* = 75) for Anillin-FP--expressing controls ([Fig. 5 G](#fig5){ref-type="fig"}). Given that the PHD binds both the membrane and septins ([@bib36]), this difference in abscission timing could reflect the difference between loss of septin binding (Pnut depletion) and the additional loss of membrane binding (deletion of the entire PHD). Accordingly, membrane binding by the Anillin PHD may facilitate abscission.

These experiments show that the PHD of Anillin and the septin Pnut are required for the normal thinning of the nascent MR and the extrusion and shedding of membrane-associated Anillin. We next sought to better understand the mechanism of Anillin retention at the MR.

Sticky acts to limit extrusion and shedding and retains Anillin at the MR
-------------------------------------------------------------------------

Cit-K, Sticky in *Drosophila*, is a conserved Rho-associated kinase required for a late step of cytokinesis ([@bib14], [@bib15]; [@bib11]; [@bib18]; [@bib40]; [@bib50]; [@bib30]). Human Cit-K and Anillin can be coimmunoprecipitated, and Cit-K has been suggested to maintain Anillin at the MR ([@bib24]; [@bib56]). Cit-K/Sticky and Anillin depletion phenotypes also bear some similarities, such as plasma membrane blebbing ([@bib52]; [@bib18]; [@bib40]; [@bib24]). However, because the relationship between Anillin and Cit-K/Sticky remains unclear, we reexamined Sticky depletion phenotypes. Immunoblot analysis revealed that 3-d incubation of S2 cells with Sticky dsRNAs led to a \>90% depletion of both major migrating forms of Sticky ([Fig. S5 A](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp13}), similar to that described previously ([@bib11]).

Time-lapse sequences captured at 1-min intervals with a 63× objective revealed that Sticky-depleted CRs closed with normal kinetics and morphology ([Fig. 6, A and B](#fig6){ref-type="fig"}; and [Videos 6](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp14} and [7](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp15}), consistent with previous studies ([@bib18]; [@bib5]). The midbody microtubules also adopted their characteristic compacted morphology at the close of furrowing ([Fig. 6, A and B](#fig6){ref-type="fig"}), unlike Anillin-depleted cells ([Fig. 3, B and D](#fig3){ref-type="fig"}; [@bib35]). However, measuring Anillin-GFP intensities revealed that Anillin levels continued to increase after the close of furrowing, such that the peak intensity of the nascent MR was ∼10 min later than that of control cells ([Fig. 6 C](#fig6){ref-type="fig"}). At the time of normal MR formation and maturation, Anillin-GFP displayed enhanced extrusion and internalization events ([Fig. 6 D](#fig6){ref-type="fig"}). As in controls, blebs and tubules of Anillin-positive membranes formed and subsequently left the MR region by lateral movement or outright shedding ([Fig. 6, A and B](#fig6){ref-type="fig"}; and Videos 6 and 7). Although we observed clear examples of both internalization and extrusion/shedding in both control and Sticky-depleted cells, it was often difficult to differentiate between the two in any given case, especially as extruded material could subsequently be internalized. We therefore simply quantified removal (by either mechanism). This revealed that more Anillin-GFP was removed from Sticky-depleted nascent MRs and over a longer period than in controls ([Fig. 6 D](#fig6){ref-type="fig"}). Removal continued until Anillin-GFP was no longer detectable at the MR site, and furrows either regressed within a few minutes or underwent abscission prematurely ([Fig. 6, A and B](#fig6){ref-type="fig"}; and Videos 6 and 7).

![**Sticky acts to limit extrusion/shedding and retain Anillin at the MR.** (A and B) Sticky-depleted cells expressing Anillin-GFP and mCh-tubulin failing cytokinesis (A) or prematurely abscising (B) (63× objective). Boxed regions are shown magnified and with separated channels below. (C) Quantification of relative Anillin-GFP intensities (sum intensity) at the MR from the time of midbody formation in control (*n* = 9) and Sticky-depleted cells (*n* = 17). (D) Quantification of individual extrusion or internalization events (open circles) plotted as a function of time and associated Anillin-GFP log~10~ intensity (as a measure of total intensity at the close of furrowing, t = 0). Closed circles represent mean values for each 10-min interval (*n* = 9 cells each, from one experiment representative of two repeats). (E) Timing of abscission or furrow regression (failure) events of individual Anillin-GFP cells treated for 30--48 h with or without Sticky dsRNAs. Data are from two independent experiments, horizontal lines mark the mean times, and error bars show the SDs. (F--H) Confocal images of Sticky-depleted cells expressing Anillin-GFP (left), stained for Pnut (F, center), Rho1 (G, left), or F-actin (H, center) and DNA. (I and J) Confocal images of untransfected S2 cells treated with LacI control dsRNA (I) or Sticky dsRNA (J) and stained for endogenous Anillin (left), tubulin (center), and DNA (63× objective). Times are given in hours, minutes, and seconds. Bars, 5 µm. See also [Videos 6](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp16} and [7](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp17}.](JCB_201305053_Fig6){#fig6}

To better define the outcomes of cytokinesis attempts upon Sticky depletion, we acquired time-lapse sequences at 2--4-min intervals over longer periods using a 40× objective. 77% of attempts failed, whereas 23% succeeded (*n* \> 65; [Fig. 6 E](#fig6){ref-type="fig"}). Interestingly, successes occurred earlier and with much less variability than untreated controls ([Fig. 6 E](#fig6){ref-type="fig"}), confirming our earlier inference of premature abscission in Sticky-depleted cells obtained from scoring the frequency of paired S2 cells ([@bib18]). These successful divisions probably represent a hypomorphic phenotype, as they were more prevalent at earlier times after dsRNA addition, with failures predominating later. Failures resulted from rapid furrow regression 77 ± 15 min (mean ± SD; *n* = 50) after CR closure ([Fig. 6 E](#fig6){ref-type="fig"}). Thus, ∼75 min after furrowing, Sticky-depleted nascent MRs either quickly resolved or regressed and failed. In both cases, a persistent Anillin-GFP--positive MR structure failed to form in \>90% of division attempts (*n* \> 58 per condition; [Fig. 6, A and B](#fig6){ref-type="fig"}).

Analysis of fixed cells revealed that Pnut ([Fig. 6 F](#fig6){ref-type="fig"}) and Rho1 ([Fig. 6 G](#fig6){ref-type="fig"}) were also enriched in the extruded Anillin-positive membranes, whereas F-actin was depleted ([Fig. 6 H](#fig6){ref-type="fig"}), as had been observed for extrusion in cells that were not depleted of Sticky ([Fig. 2](#fig2){ref-type="fig"}). Importantly, nascent MRs of Sticky-depleted untransfected cells also revealed markedly enhanced extrusion of endogenous Anillin compared with controls ([Fig. 6, I and J](#fig6){ref-type="fig"}), confirming that Sticky limits extrusion and that extrusion is not simply a consequence of Anillin-FP overexpression. We conclude that Sticky acts to retain Anillin at the mature MR.

Sticky acts with the N terminus of Anillin to promote both MR formation and CR stability
----------------------------------------------------------------------------------------

Sticky depletion had no effect on the recruitment or removal of Anillin-ΔN-FP ([Fig. 7 A](#fig7){ref-type="fig"}) but greatly diminished the localization of Anillin-ΔC-FP to the nascent MR ([Fig. 7 B](#fig7){ref-type="fig"}) and prevented it from forming stable MR-like structures, whether or not endogenous Anillin was codepleted ([Fig. 7 C](#fig7){ref-type="fig"}). Furthermore, a functional Sticky-mCh localized to internal Anillin-ΔC-GFP--dependent MR-like structures that resulted upon depletion of endogenous Anillin ([Fig. 7 D](#fig7){ref-type="fig"}) but did not colocalize with Anillin-ΔN-GFP--positive structures that accumulate around the nascent MR when endogenous Anillin is present ([Fig. 7 E](#fig7){ref-type="fig"}). Thus, Sticky is specifically required to retain the N terminus of Anillin at the mature MR.

![**Sticky acts with the N terminus of Anillin to promote both MR formation and CR stability.** (A and B) Time-lapse sequence of cells expressing mCh-tubulin and Anillin-ΔN-GFP (A) or Anillin-ΔC-GFP (B) after a ∼30-h incubation with Sticky dsRNAs (63× objective and 2 × 2 camera binning). (C) Quantification from time-lapse records of failed attempts at cytokinesis that form internal Anillin-ΔC-FP--positive MR-like structures after incubation with the indicated dsRNAs. Data are from two independent experiments. (D and E) Confocal images of cells coexpressing Sticky-mCh and Anillin-ΔC-GFP (D) or Anillin-ΔN-GFP (E) after endogenous Anillin depletion. Dotted line in D marks the cell boundary (63× objective and no camera binning). (F) Time-lapse sequence of a cell expressing Anillin-ΔC after codepletion of Sticky and Anillin. (G) Time-lapse sequence of a cell expressing Anillin-GFP after codepletion of Pnut (144--162-h RNAi) and Sticky (30--48-h RNAi), captured with a 63× objective with 2 × 2 camera binning. Closed arrowheads mark a presumed MR remnant from a previous division. Open arrowheads mark failing MR from the current division attempt. (H) Quantification from time-lapse records (40× objective and 2 × 2 camera binning) of the percentage of Anillin-GFP and Anillin-ΔC-GFP cells displaying oscillating furrows during CR closure after incubation with the indicated dsRNAs (*n* \> 78 per condition from two independent experiments). (I) Quantification from time-lapse records (40× objective and 2 × 2 camera binning) of attempts at cytokinesis that result in Anillin-GFP--positive MR structures after incubation with indicated dsRNAs (*n* \> 45 per condition, from two independent experiments). Times are given in hours, minutes, and seconds. Bars, 5 µm. See also [Video 8](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp18}.](JCB_201305053R_Fig7){#fig7}

Cleavage furrows are inherently unstable ([@bib49]) and oscillate after certain perturbations, including Anillin depletion ([@bib54]; [@bib58]; [@bib33]; [@bib44]; [@bib27]) and overexpression of full-length or truncated Cit-K ([@bib37]; [@bib24]). Remarkably, cells expressing Anillin-ΔC-FP and depleted of endogenous Anillin, which furrow slowly without oscillating and form stable MR-like structures ([@bib35]), also became prone to oscillate when Sticky was codepleted ([Fig. 7, F and H](#fig7){ref-type="fig"}). This indicates that Sticky promotes the ability of the Anillin N terminus to stabilize furrows.

Because Pnut depletion blocked Anillin removal from the MR and Sticky depletion blocked Anillin retention, we tested the effects of codepleting Sticky and Pnut. Little, if any, evidence of extrusion or internalization of Anillin-GFP was observed, indicating that the enhanced extrusion observed upon Sticky depletion was still Pnut dependent ([Fig. 7 G](#fig7){ref-type="fig"} and [Video 8](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp19}). In 39% (*n* = 46) of cells, the formation of stable MR-like structures was abolished, as expected ([Fig. 7 I](#fig7){ref-type="fig"}). The remaining 61% exhibited an intermediate phenotype whereby Anillin-positive MR structures persisted, but unlike control or Pnut-depleted cells ([Fig. S4, A and B](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp20}), these often did not label for myosin (Fig. S4, C and D). This partial destabilization of the MR suggests that Sticky acts to retain myosin at the MR. Furthermore, some of the structures were clearly not closed rings but had less well-defined shapes (e.g., [Fig. 7 G](#fig7){ref-type="fig"} and Video 8). Persistence of Anillin at these structures may reflect the existence of other Sticky-independent mechanisms that contribute to Anillin retention at the midbody.

Strikingly, cells codepleted of Sticky and Pnut were prone to oscillate during furrowing (53% oscillations, *n* = 135), whereas singly depleted cells were much less so (\<10% oscillations; [Fig. 7, G and H](#fig7){ref-type="fig"}; and Video 8). During oscillations, Anillin-FP migrated laterally in repeated cycles, much like myosin does upon Anillin depletion. The fact that codepletion of Sticky and Pnut destabilized furrows and caused Anillin to oscillate suggests that Pnut contributes to a stabilizing influence of the Anillin C terminus. Anillin-ΔN-FP, comprising only the Anillin C terminus, failed to rescue oscillations but was completely disconnected from actomyosin ([@bib35]), underscoring the importance of the linkage to actomyosin. These data show that Anillin stabilizes furrows in part by linking actomyosin to the membrane-associated septin cytoskeleton and in part via a distinct Sticky-dependent action of its N terminus.

Sticky's essential role during MR formation is as a scaffold
------------------------------------------------------------

We next wished to test whether Sticky kinase activity is required to retain Anillin-GFP at the MR. We generated inducible cell lines that coexpressed Anillin-GFP and mCh-tagged wild-type or kinase-dead (KD) versions of Sticky, at roughly endogenous levels ([Fig. 8 A](#fig8){ref-type="fig"}). Both Sticky-mCh and Sticky-KD-mCh were faithfully recruited to the CR and MR, although both also led to the formation of Anillin-GFP--negative, intracellular aggregates, similar to those described by others ([Fig. 8, C and D](#fig8){ref-type="fig"}; and [Videos 9 and 10](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp21}; [@bib19]). Expression of either Sticky-mCh or Sticky-KD-mCh rescued the widespread failures of cytokinesis induced by depletion of endogenous Sticky using a dsRNA directed against the Sticky 3′ UTR ([Fig. 8 B](#fig8){ref-type="fig"}). That formation of Sticky- and Anillin-positive MRs ([Fig. 8, C--E](#fig8){ref-type="fig"}; and Video 10) were rescued in Sticky-KD-mCh cells indicates that Sticky kinase activity is dispensable for both MR formation and abscission ([Fig. 8, B and E](#fig8){ref-type="fig"}). However, abscission timing was slightly accelerated for Sticky-KD-mCh MRs (128 ± 49 min, mean ± SD; *n* = 28) than for Sticky-mCh MRs (196 ± 67 min, mean ± SD; *n* = 26). Furthermore, the majority of cells that failed did not recruit detectable levels of Sticky-mCh (7/8 failures) or Sticky-KD-mCh (18/24 failures) to the CR/MR, consistent with failures reflecting the lack of Sticky rather than the lack of kinase function ([Fig. 8 B](#fig8){ref-type="fig"} and Fig. S3 B). In addition, excess Sticky-mCh and Sticky-KD-mCh were both also internalized and extruded/shed with Anillin-GFP ([Fig. 8, C--E](#fig8){ref-type="fig"}; and Videos 9 and 10), indicating that Sticky must itself be subject to retention at the midbody. We conclude that the essential role of Sticky in these cells is as a scaffold that serves to retain Anillin and stabilize the MR.

![**Sticky's essential role during MR formation is as a scaffold.** (A) Anti-Sticky (Sti) immunoblot of cell lysates from indicated cell lines after Sticky 3′ UTR dsRNA or LacI control dsRNA incubation, with anti-tubulin blot as a loading control. WT, wild type. (B) Timing of abscission or furrow regression (failure) of cells coexpressing Anillin-GFP and Sticky-mCh or Sticky-KD-mCh, treated for 3--5 d with or without Sticky 3′ UTR dsRNAs. Data are from two independent experiments. (C and D) Time-lapse sequence of a cell coexpressing Anillin-GFP and Sticky-mCh (C) or Sticky-KD-mCh (D). Separated channels of the boxed regions are shown magnified at the bottom. (E) Time-lapse sequence of a cell coexpressing Anillin (Anil)-GFP and Sticky-KD-mCh after depletion of endogenous Sticky. Times are given in hours, minutes, and seconds. Bars, 5 µm. See also [Videos 9](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp22} and [10](http://www.jcb.org/cgi/content/full/jcb.201305053/DC1){#supp23}.](JCB_201305053_Fig8){#fig8}

Discussion
==========

The organization of the cell cortex during closure of the CR and formation of a stable MR remains poorly defined. We show in *Drosophila* S2 cells that the late CR/nascent MR thins via a maturation process that lasts ∼1 h and that involves a molecular tug of war between stable retention and dynamic removal of the membrane- and cytoskeleton-associated scaffold Anillin. Retention requires a scaffold function of the Cit-K Sticky and the N terminus of Anillin, whereas removal requires septins and the C terminus of Anillin and includes dramatic extrusion and shedding of membranes. Simultaneous perturbation of these antagonistic processes disrupts not only MR maturation but also CR stability, supporting our previous proposal that the CR and MR represent different stages of the same structure ([@bib35]). The work provides novel insight into the elusive mechanisms of CR closure and its maturation to the MR ([Fig. 9](#fig9){ref-type="fig"}).

![**Model for the maturation of the CR and MR.** (top) At the CR stage, Anillin links the plasma membrane--associated septin cytoskeleton to actomyosin, stabilizing the furrow. Anillin also stabilizes the furrow via a separate Sticky-dependent action of its N terminus. (middle) At the nascent MR, Sticky, myosin, and the Anillin N terminus are retained at the midbody, where they will form a mature MR structure. Septins act on the C terminus of Anillin to remove membrane-associated Anillin molecules, whose N termini are liberated upon disassembly of the F-actin ring. Note that this removal does not only occur at the center of the midbody as depicted. (bottom) Septins and the C termini of Anillin molecules that are retained also act as membrane anchors for the mature MR that persists beyond ∼1 h after furrowing.](JCB_201305053_Fig9){#fig9}

Anillin-septin--dependent membrane removal
------------------------------------------

The extrusion and shedding of membrane from the nascent MR was unexpected; however, it is highly reminiscent of Anillin- and prominin-1--positive, membrane-bound particles that shed from apical MRs in the vertebrate neuroepithelium ([@bib17]). EM has also revealed budding of membranous structures from the MR of human D98S cells ([@bib39]) and prominent membrane microvilli in cleavage stage sea urchin embryos ([@bib48]). We have also observed extrusion of Anillin from the nascent MRs of human HeLa and neuroblastoma cells (unpublished data). Finally, we note that tubules of Anillin- and Pnut-positive membranes are shed from the newly formed cells at the close of cellularization of the *Drosophila* embryo, a process mechanistically related to cytokinesis (unpublished data; [@bib1]; [@bib23]). Thus, membrane extrusion may be a universal feature of animal cell cytokinesis.

Is membrane removal the cause or consequence of CR closure?
-----------------------------------------------------------

Key questions arise concerning the mechanism of Anillin-septin membrane extrusion and whether it is a cause or consequence of CR closure or both. In mammalian interphase cells, membrane blebs recruit septins, after F-actin, to facilitate bleb retraction ([@bib25]). However, the membrane protrusions/tubules that we describe are enriched in Anillin from their first emergence, they are poor in actin and they never retract. Thus, rather than being recruited to or trapped in preexisting blebs, we favor the model that Anillin directs septin-dependent membrane tubulation. Septins are capable of tubulating membranes ([@bib55]), although the topology of such structures is reversed compared with the extrusions that we describe. However, it remains unclear how Rho1 and Anillin (and potentially other cytokinesis proteins) might alter septin behaviors. Experimentally disconnecting the N terminus of Anillin from the actomyosin network, either by deleting the N terminus of Anillin ([@bib35]) or by disrupting the actin cytoskeleton with Latrunculin A ([@bib33]), triggers the C terminus of Anillin to induce Pnut-dependent remodeling of the plasma membrane, resulting in either punctate or tubular protrusions that extend outwards from the cell. These data argue that the extrusions at the late CR/nascent MR may simply reflect the local disassembly of actin, thereby liberating Anillin N termini and allowing Anillin C termini/septins to tubulate membranes in such a dramatic fashion. Indeed, membrane extrusion is most obvious at the time when the MR is becoming resistant to Latrunculin A ([@bib18]), suggesting coordination with disassembly of the actin ring. Finally, actin and Anillin-ΔC were notably absent from the extruded and shed membranes, indicating that not all CR components are removed in this way.

Can furrow oscillations result from impeding CR disassembly?
------------------------------------------------------------

The CR closes by disassembly ([@bib48]; [@bib9]). Our results suggest that this involves both depolymerization and membrane-associated removal. Accordingly, Anillin and septins may sequester the excess membrane that is liberated upon actomyosin depolymerization. Anillin-depleted CRs fail to close to completion and become unstable and oscillate ([@bib54]; [@bib58]; [@bib33]; [@bib44]; [@bib27]). Our findings raise the possibility that this phenotype reflects a failure to sequester membrane (via septins) that impedes the normal disassembly of the actin ring, combined with the loss of an additional Sticky-dependent scaffolding role of the N terminus of Anillin.

We note that Sticky and Pnut codepletion did not completely phenocopy Anillin depletion. The latter is more severe with a proportion of cells that undergo wild oscillations that are too unstable to allow ingression beyond 50% closure ([@bib35]). Sticky- and Pnut-codepleted cells, although they oscillated, mostly ingressed to completion and then failed at the MR stage (this study). Thus, Anillin likely has additional inputs into furrow stability that are independent of Sticky and Pnut. RacGAP50C/Tum is a strong candidate known to interact with the AHD ([@bib12]; [@bib29]).

The essential role of Sticky is as a scaffold for the mature MR, but it also functions during furrowing
-------------------------------------------------------------------------------------------------------

We show that Sticky is required to retain the N terminus of Anillin at the mature MR. Human Cit-K can phosphorylate the MRLC ([@bib57]), and MRLC is another component of the MR in S2 cells ([@bib13]; [@bib35]). Expression of phosphomimetic MRLC (Spaghetti squash--E20E21) in S2 cells cannot rescue for Sticky depletion, indicating that myosin phosphorylation cannot be the only essential role of Sticky ([@bib13]). Our results further show that kinase activity is completely dispensable for the essential function of Sticky because a KD version is still able to form a stable MR and rescue cytokinesis. In agreement with this, the central coiled-coil region of human Cit-K is sufficient to support cytokinesis in HeLa cells ([@bib56]). The fact that Sticky was extruded and shed with Anillin suggests that Sticky itself must be retained by additional, saturable mechanisms at the midbody, likely via KIF14-dependent mechanisms ([@bib30]; [@bib6]; [@bib56]).

Although Cit-K/Sticky localizes to the CR ([@bib37]; [@bib19]; [@bib11]; [@bib5]), whether it acts there is a long-standing enigma. Our findings confirm that it does, albeit redundantly. First, unlike control furrows, Sticky-depleted furrows continued to accumulate Anillin-GFP for 10 min after closure, indicating that Sticky normally functions at this time. Second, Sticky depletion caused furrow oscillations in cells codepleted of Pnut or in cells expressing Anillin-ΔC and codepleted of endogenous Anillin. This indicates that Sticky plays a role in furrow stability that is redundant with the C terminus of Anillin and Pnut. We attempted to test whether kinase activity was required for this role. However, rescuing Sticky depletion in the context of Pnut codepletion was problematic. The longer induction times required by the fact that Pnut depletion takes many days resulted in poor recruitment of Sticky-mCh and Sticky-KD-mCh to CRs, with both proteins preferring to form ectopic aggregates. Thus, although kinase activity is dispensable for Sticky's essential role at the MR, it remains possible that its kinase activity contributes to CR stability.

Concluding remarks
------------------

Current models for CR closure focus on the cytoskeletal proteins and pay little attention to the plasma membrane to which these elements are anchored. Although net membrane addition may be required during furrow ingression ([@bib3]; [@bib38]; [@bib41]), our findings highlight a need for membrane removal from the furrow apex that must be coordinated with CR disassembly and MR assembly. Extrusion and shedding is one way of achieving this; other potential mechanisms include internalization and lateral outflow within the lipid bilayer. Theoretical and experimental analyses in different systems will be needed to fully test this novel perspective.

Materials and methods
=====================

Constructs, cell lines, and RNAi
--------------------------------

All constructs were generated by PCR amplification of the ORF, without stop codons, followed by cloning into pENTR-D-TOPO (Invitrogen) followed by recombination using LR Clonase into appropriate destination vectors (Drosophila Gateway Vector Collection; T. Murphy, Carnegie Institution for Science, Washington, DC). Anillin-GFP (pMT-WG, driven by the metallothionein promoter), Anillin-mCh (pAc-WCh, driven by the constitutive *Act05C* promoter), mCh-tubulin (pAc-ChW), MRLC^Sqh^-GFP (endogenous *spaghetti squash* promoter), Anillin-ΔC-FP (pMT-WG or pMT-WCh), Anillin-ΔN-FP (pMT-WG or pMT-WCh), and Pavarotti-GFP (pMT-WG) have been described previously ([@bib18]; [@bib33]; [@bib35]). Internal deletions and site-directed mutagenesis were performed by PCR by overlap extension followed by cloning into pENTR-D-TOPO and subsequent recombination into pMT-WG and pMT-WCh. All Anillin constructs derive from clone LD23793 (Berkeley Drosophila Genome Project Gold collection; Drosophila Genomics Resource Center) that encodes the CG2092-RB polypeptide. Note that CG2092-RB has an additional 27 residues within the actin-binding domain that is absent in CG2092-RA ([@bib22]), but CG2092-RB is better supported by sequencing data. Anillin-ΔN+CD-FP encodes amino acids 410--1,239 and lacks all N-terminal domains up to and including the ActBD. Anillin-ΔPH-FP encodes amino acids 1--1,104 and thus lacks the last 135 residues comprising the entire PHD. Anillin-ΔActBD encodes amino acids 1--255 and 410--1,239 and lacks the minimal ActBD defined in [@bib22]. Anillin-ΔMyoBD encodes amino acids 1--145 and 238--1,239 and lacks 92 amino acids homologous to the *Xenopus* MyoBD defined in [@bib54]. The *sticky* (CG10522) ORF was PCR amplified from clone RE26327 (Drosophila Gene Collection release 2 collection; Drosophila Genomics Resource Center). The Sticky KD mutant was generated by site-directed mutagenesis using primers 5′-GACATATACGCCATGGCGGCGATCAAAAAGTCGGTG-3′ and 5′-CACCGACTTTTTGATCGCCGCCATGGCGTATATGTC-3′, which introduced K142A and K143A mutations in the kinase domain. The Aurora B ORF was amplified by RT-PCR from S2 cell cDNA and was described in [@bib51]. Myrpalm-GFP (in pAc-WG) was a gift from S. Carreno (Institut de Recherche en Immunologie et Cancérologie, Université de Montréal, Montréal, Quebec, Canada) and encodes the first 16 amino acids of Lyn (MGCIKSKRKDNLNDDE), including myristoylation and palmitoylation signals, upstream of GFP and driven by the *act05C* promoter. LifeAct-GFP encodes the 17-amino sequence described by [@bib47] cloned upstream of GFP (pMT-WG). The Dendra2 sequence was subcloned from pDendra2-N1 (Takara Bio Inc.) into pAc-WG, replacing GFP, to generate pAc-WD2 and allowing subsequent generation of Anillin-Dendra2 by Gateway recombination. All constructs were verified by sequencing.

Plasmids were used to transfect *Drosophila* Schneider's S2 cells using Cellfectin reagent (Invitrogen), together with pCoHygro and additional plasmids as needed to generate stable, hygromycin-resistant cell lines following established protocols (Invitrogen). After selection, cells were cultured in Schneider's medium supplemented with 10% fetal calf serum (Invitrogen) and penicillin/streptomycin.

dsRNAs were generated using in vitro transcription kits (RiboMAX; Promega), and DNA templates were generated in a two-step PCR amplification from cDNA or genomic DNA, as described previously ([@bib18]). In brief, in the first round PCR, gene-specific primer sequences included a 5′ anchor sequence (5′-GGGCGGGT-3′), whereas the second round PCR used a universal T7 anchor primer (5′-TAATACGACTCACTATAGGGAGACCACGGGCGGGT-3′). Gene-specific primer sequences were previously described for *anillin* dsRNA ([@bib18]; [@bib33]), *anillin* 3′ UTR dsRNA ([@bib33]), *pnut* dsRNA ([@bib33]), and *sticky* dsRNAs ([@bib18]). *shrub/CHMP4/CG8055* and *dIST1/CG10103* dsRNAs were generated using primer pairs 5′-GGGCGGGTTCGATACAAAGCTAAGACTGCG-3′ and 5′-GGGCGGGTATGATCCAGACATGAAGAGCAGC-3′ (Shrub) and 5′-GGGCGGGTGTTGGTGTTCAGATCCTTCTCC-3′ and 5′-GGGCGGGTCTACAGAGCGATATAGCCGAGC-3′ (dIST1). The *sticky* 3′ UTR dsRNA was generated using primer sequences 5′-GGGCGGGTGCATATAGATGAAGGATATAT-3′ and 5′-GGGCGGGTTTTAAAATATTATGCGACTTC-3′.

RNAi experiments were performed as follows: cells were plated in 96-well dishes and incubated with ∼1 µg/ml dsRNA. 12--24 h before imaging or fixation, cells were transferred to 8-well chambered coverglass dishes (Lab-Tek; Thermo Fisher Scientific). Live imaging was performed between 30 and 72 h for Anillin dsRNAs, between 30 and 48 h for Sticky dsRNAs, and between 144 and 192 h for Pnut dsRNA, in which case cells were split and fresh dsRNA added on the fourth day. These dsRNA incubation times were maintained for codepletion experiments, but the individual dsRNA incubations were performed in the presence of irrelevant LacI control dsRNAs to control for possible effects of combining dsRNAs.

Live-cell microscopy
--------------------

Live-cell imaging of *Drosophila* S2 cells in Schneider's medium was performed at room temperature using a spinning-disc confocal system (UltraVIEW Vox; PerkinElmer) using a scanning unit (CSU-X1; Yokogawa Corporation of America) and a charge-coupled device camera (ORCA-R2; Hamamatsu Photonics) fitted to an inverted microscope (DMI6000 B; Leica) equipped with a motorized piezoelectric stage (Applied Scientific Instrumentation). Image acquisition was performed using Volocity versions 5 and 6 (PerkinElmer). Routine and long-time course imaging was performed using a Plan Apochromat 40×, 0.85 NA air objective with camera binning set to 2 × 2, high-resolution imaging was performed using Plan Apochromat 63 or 100× oil immersion objectives, NA 1.4, with camera binning set to 2 × 2 unless otherwise described in the figure legends.

Expressions of FP fusions under the control of the metallothionein promoter (pMT plasmids) were induced with 250 µM CuSO~4~ at the time of dsRNA addition in the case of rescue experiments, or when cells were transferred to imaging dishes, 12--24 h before the start of imaging. Where described, MG132 (Enzo Life Sciences) was added to a final concentration of 5 µM directly to the culture medium.

Immunofluorescence microscopy
-----------------------------

Cells were transferred to either 8-well chambered coverglass dishes (Lab-Tek) or 96-well glass-bottomed plates (Whatman) ≥2 h before fixation for 5 min in 4% formaldehyde/0.1% glutaraldehyde in PBS. After permeabilization and blocking in PBS containing 0.1% Triton X-100 (PTX buffer) and 5% normal goat serum, cells were incubated with primary antibodies (rabbit anti-Anillin, a gift from C. Field, Harvard Medical School, Boston, MA, used at 1:1,000; and concentrated mAb 4C9H4 anti-Pnut, obtained from Developmental Studies Hybridoma Bank, used at 1:400) at 4°C overnight, washed with PTX buffer, and incubated for 1 h with Alexa Fluor 488--, Alexa Fluor 546--, or Alexa Fluor 647--conjugated goat anti--mouse or anti--rabbit secondary antibodies (1:500; Molecular Probes/Invitrogen), as appropriate. Where appropriate, Hoechst 33258 (1:500) and rhodamine-phalloidin (1:500; Molecular Probes) were added at the same time. Cells were washed in PTX and mounted in Fluoromount-G (SouthernBiotech). Images were acquired using the UltraVIEW Vox system described in the previous section using oil immersion Plan Apochromat 63 or 100×, 1.4 NA objectives.

FRAP and image analysis
-----------------------

FRAP was performed using the PhotoKinesis module (PerkinElmer) controlled through Volocity software. 5-µm-thick stacks of four z sections were acquired with a 63× objective and 2 × 2 camera binning. Acquisition was at maximum speed (exposure time of 200 ms) for the first 15 s after bleaching (representing cytoplasmic recovery) and then at one image per 15 s for 5 min. Percent recovery = percentage (maximum intensity after bleach − intensity at bleach)/(intensity before bleach − intensity at bleach). All intensity values in FRAP experiments were normalized to the first time point of acquisition. For statistical analysis, an unpaired *t* test was performed using Prism (GraphPad Software).

MR volume measurements were obtained as follows: cells were imaged using a 63×, 1.4 NA objective (12 z sections at 1-min intervals) during ≥1 h after furrowing using Volocity acquisition. Datasets were then exported as Openlab LIFF files (PerkinElmer) and analyzed using Imaris 7 quantification module (Bitplane) as follows: a surface around the MR was selected using intensity threshold, and the volume of this surface was determined empirically for each MR. These values were then expressed as percentages relative to the value of MR volume at the end of furrowing (the first time point of analysis). Relative fold differences in MR volume were calculated relative to the volume of control Anillin-GFP MRs for each given time point after furrowing. The same process was applied for intensity measurements of each extrusion, internalization, or shedding ([Fig. 6 D](#fig6){ref-type="fig"}).

Intensity measurements of MRs were performed using the Volocity select objects by percent intensity tool. Optimal percentage values were determined empirically for each MR, and the resulting sum intensity values were then expressed as percentages relative to the highest value within the given time series (usually, t = 0). Datasets were background corrected. Quantification of the Anillin-GFP loss in [Fig. 6 C](#fig6){ref-type="fig"} was performed using Imaris 7 after export from Volocity as Openlab LIFF files. Individual shedding events were selected by creating surfaces using variable thresholds between different cells. Intensity values of individual shedding events were expressed as percentages relative to the total intensity associated with the MR at the start of the given time series. Images were processed for publication using Photoshop CS (Adobe) and assembled as figures using Illustrator CS (Adobe). Video files were exported from Volocity as QuickTime videos (Apple).

Immunoblotting
--------------

S2 cells were grown in 12-well dishes, treated with the indicated dsRNAs, and harvested by centrifugation. Cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 1% Triton X-100 completed with protease inhibitor cocktail \[Roche\]), and total cell lysates were subjected to SDS-PAGE (8--15% polyacrylamide). Proteins were transferred to a nitrocellulose membrane and blocked with 5% milk in TBS containing 0.2% Tween 20 (TBST). The membrane was cut at the appropriate molecular weight marker with the upper molecular weight part immunoblotted with affinity-purified anti-Anillin antibodies (1:1,000; generated in rabbits against amino acids 1--409 of Anillin fused to GST; a gift from J. Brill, The Hospital for Sick Children \[SickKids\], Toronto, Ontario, Canada; [@bib27]) or anti-Sticky antiserum (1:3,000, generated in rabbits against a fragment of the Sticky protein \[amino acids 531--742\] fused to a C-terminal 6×His tag, a gift from P. D'Avino, Cambridge University, Cambridge, England, UK; [@bib11]), whereas the lower molecular weight part was blotted with mAb anti-tubulin antibody (clone DM1A; 1:1,000; Sigma-Aldrich). For anti-Pnut (1:1,000; concentrated supernatant from clone 4C9H4; Developmental Studies Hybridoma Bank; [@bib42]), immunoblotting was performed in duplicate in which one membrane was immunoblotted with anti-Pnut and the other with mAb anti-tubulin (as indicated in this paragraph). The blots were washed in TBST, incubated with horseradish peroxidase--coupled donkey anti--rabbit or anti--mouse secondary antibodies (1:5,000; GE Healthcare), and washed again before detection of signals using Western ECL substrate (Clarity; Bio-Rad Laboratories).

EM
--

*Drosophila* S2 cells were gently pelleted by centrifugation, incubated for an hour at room temperature in a fixative consisting of 2.5% glutaraldehyde, 4% paraformaldehyde, and 5 mM CaCl~2~ in 0.1 M cacodylate buffer, pH 7.4 (Caco), and in 1% OsO~4~ in Caco for postfixation. The pellet was stained in 2% uranyl acetate overnight at 4°C, dehydrated in a graded series of ethanol, and embedded in Epon 812. Ultrathin tissue sections were cut using an ultramicrotome (Ultracut; Reichert) and mounted on copper grids. Ultrathin sections were stained with uranyl acetate and lead citrate and examined with an electron microscope (CM100; Philips).

Online supplemental material
----------------------------

Fig. S1 shows Anillin immunoblots demonstrating efficacy of RNAi and level of Anillin-GFP overexpression as well as additional images of membrane morphology at the nascent MR. Fig. S2 shows additional cells treated with Shrub/CHMP4 dsRNAs or MG132. Fig. S3 show behaviors of additional Anillin truncations during MR maturation. Fig. S4 shows the effects of codepletion of Sticky and Pnut on MR formation. Fig. S5 shows a Sticky immunoblot demonstrating efficacy of RNAi as well as images of Sticky-KD-mCh cytokinesis failure. Video 1 shows extrusion of Anillin-GFP from the nascent MR. Video 2 shows internalization of Anillin-GFP from the nascent MR. Video 3 shows the behavior of coexpressed Anillin-mCh and LifeAct-GFP at the nascent MR. Video 4 shows cells expressing Anillin-GFP undergoing cytokinesis after depletion of Shrub/CHMP4B. Video 5 shows a cell expressing Anillin-ΔN+CD-mCh and Anillin-ΔC-GFP undergoing cytokinesis. Video 6 shows a Sticky-depleted Anillin-GFP--expressing cell undergoing premature abscission. Video 7 shows a Sticky-depleted Anillin-GFP--expressing cell failing cytokinesis. Video 8 shows an Anillin-GFP--expressing cell codepleted of Sticky and Pnut attempting cytokinesis. Video 9 shows a cell expressing Anillin-GFP and Sticky-mCh undergoing cytokinesis after endogenous Sticky depletion. Video 10 shows a cell expressing Anillin-GFP and Sticky-KD-mCh undergoing cytokinesis after endogenous Sticky depletion. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201305053/DC1>. Additional data are available in the JCB DataViewer at <http://dx.doi.org/10.1083/jcb.201305053.dv>.
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